INTRODUCTION 41
process called engulfment. The completion of engulfment involves fusion of the mother cell 48 membrane to pinch off the forespore within the mother cell. Compartment-specific gene 49 expression brings about maturation of the spore and its release upon lysis of the mother cell 50 (reviewed in 10). Mature spores remain viable during long periods of starvation, and are 51 resistant to heat, toxic chemicals, lytic enzymes, and other factors capable of damaging 52 vegetative cells (17). Spores germinate and resume growth when nutrients become available 53
(19). 54
The outer portions of Bacillus spores consist of a cortex and a spore coat layer, and, in 55 some cases, an exosporium. The cortex, a thick layer of peptidoglycan, is deposited between 56 the inner and outer membranes of the forespore and is responsible for maintaining the highly 57 dehydrated state of the core, thereby contributing to the extreme dormancy and heat 58 resistance of spores. Spore coat assembly involves the deposition of at least 50 protein 59 species (2, 13, 14) into two major layers: an electron-dense outer layer called the outer coat, 60 and a less electron-dense inner layer with a lamellar appearance called the inner coat (Fig. 1)  61 (26). These layers provide a protective barrier against bactericidal enzymes and chemicals 62
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To construct a vector to introduce gfp (green fluorescence protein)-fused genes into the 85 amyE locus, we amplified an internal fragment of amyE by PCR using genomic DNA of 86 B. subtilis 168 as a template and the primer pair AMYE980/AMYE1860R. The fragment was 87 digested with HindIII, then cloned into HindIII-digested pGFP7C to yield the plasmid 88 pGFP7CA, in which the amyE fragment was downstream of gfp and in the same orientation. 89
To fuse GFP to the C-terminus of CotV or CotY, we first amplified each gene and its 5' 90 promoter region (27) from B. subtilis 168 genomic DNA by PCR using the primer pairs 91 COTVM350/COTV383R and COTX40/COTY485R, respectively. Fragments were digested 92 with BamHI and XhoI, then cloned into BamHI/XhoI-digested pGFP7CA to yield the 93 plasmids pCOTV8GA and pCOTY8GA. These plasmids were introduced into the amyE 94 locus by a single-crossover event with selection for chloramphenicol resistance (5 μg/ml), 95 yielding strains COTV8GA and COTY8GA (Table S1 ). To introduce the cotZ-gfp fusion into 96 the amyE locus without the cotY gene, we amplified the promoter region of cotYZ and cotZ 97 gene from B. subtilis 168 genomic DNA by PCR using the primer pairs 98 COTYM200/COTYM7R and COTZ1/COTZ443R, respectively. EcoRI/BamHI-digested 99 8
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Surface exposure of spore crust proteins. In order to obtain insights into the outermost 141 structure of the B. subtilis spore, we first addressed whether the spore crust is indeed the 142 outermost layer. The outermost layer is exposed on the surface of the spore and should thus 143 be accessible to antibodies. We therefore carried out an immunofluorescence microscopy 144 analysis using an anti-GFP antibody and B. subtilis strains expressing spore coat protein-GFP 145 fusions described previously ( Fig. 1 ) (4). In these strains, gfp was translationally fused to 3' 146 end of the gene at the native locus so the fusion gene is the only copy that is expressed. As 147 expected, no fluorescent anti-GFP antibody signal was detected in wild-type spores, which 148 do not express GFP (Fig. 2a) . In contrast, fluorescence surrounding spores was observed in 149
CotZ-GFP and CgeA-GFP spores ( Fig. 2b and c) , indicating that anti-GFP antibodies bound 150 specifically to GFP on spores of these GFP fusion strains (see also Supplemental Fig. S1 for 151 merged color images). However, strains expressing GFP fusions of other proteins, including 152 four outer coat proteins, nine inner coat proteins, and one cortex protein (Fig. 1) , showed no 153 fluorescent anti-GFP antibody signal ( Fig. 2 and Supplemental Fig. S1 ). As shown in Figure  154 3, a count of the number of spores with anti-GFP antibody immunofluorescence revealed that 155 approximately 80% of spores of CotZ-GFP and CgeA-GFP strains were immunopositive 156 (background in wild-type spores: <5%); for CotY and CotV data, see below (Fig. 3) . In 157 contrast, the majority of spores from strains containing GFP fusions of 14 proteins assigned 158 to the outer coat, inner coat, and cortex exhibited no anti-GFP antibody fluorescence (Fig. 1 , 159 none was accessible to antibodies. These results indicate that GFP fused to CotZ and CgeA 163 are exposed on the surface of spores, whereas GFP fused to proteins assigned to the outer 164 coat, inner coat, and cortex are not, consistent with the idea that the spore crust is the 165 outermost layer of the B. subtilis spore. 166
Although CotZ-GFP and CgeA-GFP were located on the surface of spores, it was 167 conceivable that surface exposure of these proteins was an artifact of fusion to GFP. To rule 168 out this possibility, we next performed immunofluorescence microscopy of wild-type spores 169 using anti-CgeA antibodies. Anti-CgeA antibodies bound strongly to spores of both 170
wild-type and CgeA-GFP strains, but not to cgeA mutant strain ( Fig. 4 ; see also Supplemental 171 wild-type, and CgeA-GFP strains were immunopositive, respectively (at least 300 spores 174 were counted). These results indicate that anti-CgeA antibodies bound specifically to the 175 CgeA protein on the surface of the B. subtilis spore. Therefore, we conclude that the spore 176 crust composed of CotZ and CgeA is the outermost structure of the B. subtilis spore and 177 forms a layer that covers the spore coat. 178
Proteins involved in spore crust formation. Localization of CotW-GFP to the spore 179 crust, and assembly of CotW-GFP around the spore require cotXYZ genes, suggesting that 180
CotX, CotY, and/or CotZ play important roles in spore crust formation (16). cotVWXYZ is a 181 cluster of genes transcribed at the late stage of sporulation in mother cells from the promoters 182 on July 15, 2017 by guest http://jb.asm.org/ Downloaded from it is conceivable that the genes in the cluster are involved in spore crust formation. In order to 184 identify genes important for spore crust formation, we monitored CgeA-GFP in the mutant 185 strains cotV, cotW, cotX, cotY, and cotZ (Fig. 5) . Because cotW and cotZ are cotranscribed 186 with the upstream genes cotV and cotY, respectively, they are also disrupted in the cotV and 187 cotY insertional mutant strains through a polar effect (Fig. 5) . In the absence of cotV and 188 cotW genes, CgeA-GFP localized around the spore, indicating that CotV and CotW are 189 dispensable for CgeA-GFP assembly on spores (Fig. 5a, b and c) . However, CgeA-GFP 190 assembly around the spore was abolished by cotX disruption; instead CgeA-GFP was 191 observed as spots adjacent to spores ( around the spores was clearly evident (Fig. 5g and m) . CotV-GFP fluorescence was partially 212 detached in cotZ mutant spores (Fig. 5l, arrows) , indicating that normal CotV assembly 213 requires CotZ. Localization of CotY-GFP around the spore was abolished in the cotZ mutant 214 (Fig. 5r, arrows) . Misassembled material that appeared dark under phase-contrast 215 microscopy in cotZ mutant spores also contained CotV-GFP and CotY-GFP (Fig. 5l and r,  216 arrows; see also Supplemental Figs. S4 and S5 for merged color images). We also carried out 217 immunofluorescence microscopy of CotV-GFP and CotY-GFP strains using anti-GFP 218 antibodies ( Fig. 3 and Supplemental Fig. S1 ). Although CotV-GFP was not exposed on the 219 surface of spores, antibodies bound efficiently to spores of the CotY-GFP strain. Taken 220 together, these data indicate that CotV-GFP is partially depended on CotZ for its localization 221 on the spore, whereas CotY-GFP, which is exposed on the surface of the spore, requires CotZ 222 to surround the spore. These results further suggest that CotY, and possibly CotV, are 223 additional components of the spore crust. 224
We next attempted to identify genes important for the assembly of CotV-GFP and 225
CotY-GFP on spores. Because cgeA and cgeB are cotranscribed as an operon, insertional 226 12 mutation in cgeA affects cgeB expression through a polar effect. Disruption of cgeAB did notcell (Fig. 5k, arrow) . Misassembled material containing CgeA-GFP, CotV-GFP, and 234
CotY-GFP, observed adjacent to free spores of the cotZ mutant (Fig. 5f , l, and r, arrows), was 235 not found in the cotY mutant ( Fig. 5e and k) . Thus, CotY is presumably needed to form the 236 misassembled spore crust-like material observed in cotZ mutant spores. 237
To investigate the importance of CotY, we introduced cotZ-gfp and the promoter region of 238 cotZ upstream of cotY (without the cotY gene) into the amyE locus. CotZ-GFP expressed 239 from the amyE locus surrounded spores in the absence of cgeAB, cotVW, cotW and cotX, 240 indicating that CotZ is able to localize on the spore independent of CgeA, CgeB, CotV, CotW 241 and CotX (Fig. 5s , t, u, v and w; see also Supplemental Fig. S6 for merged color images) . 242
CotZ-GFP also localized appropriately on spores in the absence of the cotZ gene at native 243 allele (Fig. 5y) . CgeA-RFP (red fluorescence protein) was detached from spores in the cotZ 244 mutant strain, but this detachment was suppressed by introduction of cotZ-gfp into the amyE 245 locus (data not shown). These data indicate that CotZ-GFP is functional at least in terms of 246 spore crust formation. Therefore, we could assess the importance of CotY using the strain 247 possessing a cotYZ disruption and cotZ-gfp at the amyE locus (Fig. 5x) . CotZ-GFP failed to 248 that CotY and CotZ are components of the spore crust, this suggests the possibility that the 264 spore crust of B. subtilis is a cognate of the B. anthracis exosporium layer. Some exosporium 265 proteins of B. anthracis are glycosylated or associated with glycosylated material (23). Spore 266 crust was stained by Ruthenium Red under electron microscopy suggesting that the spore 267 crust is composed of polysaccharide in addition to proteins (16). These observations suggest 268 the possibility that the composition of the spore crust is similar to that of the exosporium. 269 cgeA is part of the cgeABCDE cluster, whose transcription is controlled by σ K and GerE; and 270 spsA, the paralog of cgeD, encodes glycosyltransferase (22, 24). Since cgeABCDE and spsA, 271 as well as cotVWXYZ, are expressed late during sporulation in the mother cell, these gene 272 products might also be involved in spore crust formation. 273
The exosporium is dispensable for most laboratory tests of spore resistance; thus, its 274 function is not well understood. It has been suggested that the exosporium has a role in 275 protecting spores of B. anthracis from macrophage-mediated killing (7). And in B. 276 thuringiensis, the exosporium may protect insecticidal crystal toxins (often enclosed within 277 the structure) from the environment, thus enhancing pathogenicity (1). The function of the 278 tight packing of the outer coat. cotXYZ mutant spores readily clump upon purification (28) 283 and cotZ mutant spores also tended to clump during our experiments (data not shown). In 284 addition, our attempts to identify proteins exposed on the surface of cotZ mutant spores by 285 immunofluorescence microscopy failed since antibodies bound non-specifically to these 286 spores (data not shown). These observations suggest that spores lacking a spore crust are 287 abnormally adhesive; thus, in a natural environment, the spore crust might help prevent 288 clumping and allow spores to distribute. 289
Since there is no obvious phenotype for a crust-defective spore and disruption of any one 290 gene encoding a spore coat protein typically has little or no effect on spore resistance, 291 morphology, or germination, it is difficult to know whether the GFP fusions used in this 292 study are functional. Anti-CgeA antibody covered all around wild type spores (Fig. 4a) . 293
Whereas anti-GFP (Fig. 2c) and anti-CgeA (Fig. 4c) antibodies did not uniformly stained 294 spores of CgeA-GFP strain. These observations suggest the possibility that GFP fusion 295 affects CgeA localization or CgeA exposure on surface of spores. Therefore we cannot rule 296 out the possibility that the proteins used in this study were affected by the fluorescent protein 297 fusions. However, at least localization and surface exposure of CgeA on spores were 298 confirmed in wild type strain (Fig. 4a) and CotZ-GFP was functional in terms of forming 299 spore crust. Immunofluorescence microscopy of wild type spores using anti-CotV, anti-CotY, 300 16 and anti-CotZ antibodies or Western blot analysis of proteins extracted from purified spores 301 of GFP fusion strains using specific antibodies for spore coat and spore crust proteins are 302 desirable to check whether the GFP fusion of proteins used in this study is affecting the 303 assembly of the coat or crust component. 304
Although cotY and cotZ are paralogous genes, their gene products could not compensate 305 for each other in spore crust formation and instead depended on each other to assemble on 306 spores ( Fig. 5r and x) . There are several possible reasons why these proteins required each 307 other to assemble on spores. One possibility is that the proteins might have distinct, essential 308 roles in spore crust formation and need the spore crust to localize on the spore. Alternatively, 309 these proteins may form hetero-oligomers; therefore, both proteins are necessary to form a 310 protein polymer in the spore crust. This latter possibility could be tested using 311 yeast-two-hybrid experiments or pull-down assays, which would help reveal the interaction 312 network of proteins in the spore crust. 313
Identification of spore surface proteins is becoming increasingly important for potential 314 practical applications (9). It has been proposed that CotA, CotB, CotC, and CotG are 315 externally exposed on the surface of spores (6, 8, 15, 25) , whereas CotA-GFP, CotB-GFP, 316
and CotC-GFP were not efficiently exposed on spores in this study (Fig. 3 ). There are several 317 possible reasons for the discrepancy. Purification procedures used in previous studies may 318 partially removed the crust and expose the outer coat. GFP was fused to C-terminal end of 319 coat and crust proteins in this study, however, GFP fused to N-terminal end of these proteins 320 might expose on spores more efficiently as in the case of previous study (5). 
